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ABSTRACT. The Appell-type polynomial family corresponding to the simplest non-commutative 
derivative operator turns out to be connected with the Boolean probability theory, the simplest of the 
three universal non-commutative probability theories (the other two being free and tensor/classical 
probability). The basic properties of the Boolean Appell polynomials are described. In particular, 
their generating function turns out to have a resolvent-type form, just like the generating function for 
the free Sheffer polynomials. It follows that the Meixner (that is, Sheffer plus orthogonal) polynomial 
classes, in the Boolean and free theory, coincide. This is true even in the multivariate case. A number 
of applications of this fact are described, to the Belinschi-Nica and Bercovici-Pata maps, conditional 
freeness, and the Laha-Lukacs type characterization. 

A number of properties which hold for the Meixner class in the free and classical cases turn out 
to hold in general in the Boolean theory. Examples include the behavior of the Jacobi coefficients 
under convolution, the relationship between the Jacobi coefficients and cumulants, and an operator 
model for cumulants. Along the way, we obtain a multivariate version of the Stieltjes continued 
fraction expansion for the moment generating function of an arbitrary state with monic orthogonal 
polynomials. 



1. Introduction 

In 1880, Paul Appell [App80] investigated families of polynomials {A n (x)} with the property that 

A' n (x) = nA n _i(x). 

This recursion determines each A n except for the constant term. One way to fix the constant terms 
[Tho45] is to require that 



(1) /j(A n ) = j A n (x) dfi(x) = 5 nfi , 

where /i is a probability measure (a positive measure of total integral 1), or a (not necessarily 
positive) linear functional on polynomials such that = 1. The three most familiar examples of 
Appell polynomials are 

(a) A n (x) = x n , corresponding to delta-measure fi = S , 

(b) A n (x) = H n (x), the Hermite polynomials, corresponding to dfi(x) = -^ e ~ x2 ^ 2 dx, and 

(c) A n (x) = B n (x), the Bernoulli polynomials, corresponding to dfi(x) = hoi] dx. 

Besides the importance of these and other specific examples, general Appell polynomials have nice 
combinatorial properties. They also play a role in probability theory: it is easy to see that the Appell 
polynomials are martingales for the corresponding Levy processes [SchOO], but there are other more 
surprising appearances of these polynomials, such as [GS86, AT87] or [KS05]. Here it is crucial 
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that multivariate versions of the Appell polynomials exist (instead of the derivative operator, one 
starts with a rf-tuple of partial derivatives), and even a family of more "functorial" Appell maps, 
which in this context are sometimes called Wick products. 

An equivalent definition of the Appell polynomials corresponding to a functional p, is via their 
generating function 

V — A n (x)z n = exp (xz - i{z)) , 

n=0 

where 

£(z) = \ogfi(e xz ) 

is the logarithm of the exponential moment generating function of and is the generating function 
for cumulants of /i. Allowing for general invertible changes of variable u(z) gives a larger class of 
Sheffer polynomials, with generating functions of the form 

V -P n (x)z n = exp (xu(z) - £(u(z))) , 
A — ' n\ 

n=0 

which are the main objects in Rota's umbral calculus [Rot75, Rom84]. Restricting now to positive 
measures //, Meixner polynomials are Sheffer polynomials which are also orthogonal, and Meixner 
distributions are the measures whose orthogonal polynomials are Meixner. These measures are 
known [Mei34], and consist of the normal, Poisson, Gamma, Binomial, negative binomial, and 
hyperbolic secant distributions. Again, much of the analysis can be done in the multivariate case. 
In that case, the description of the Meixner class is not complete, but there are partial classification 
results due to Letac, Casalic, Feinsilver, Pommeret, and others. 

In Part I [Ans04], I introduced the free Appell polynomials. Here (in the single variable case) the 
starting point is the difference quotient operator 

W )(*, v ) = MzM, 

x-y 

and the polynomials are defined recursively via 

n-1 

(dA n )(x,y) = ^2A k (x)An^i(y) 

k=0 

and the centering condition (1). Note that 

n-1 

(dx n ) = £Vj/ n ~ fc ~\ 

fc=0 

so {x n } are also free Appell. Chebyshev polynomials of the second kind are another example. 
These polynomials have been considered previously under the name of "sequences of interpolatroy 
type" [VS93]. Free Appell polynomials also turn out to have nice, similar but different, com- 
binatorial properties, and probabilistic connections. This time, however, the connection is to free 
probability theory. This is a non-commutative probability theory, initiated by Voiculescu in the early 
1980s, whose main objects, rather than commuting random variables, are non-commuting operators 
(see the next section). The theory is by now quite broad and has a number of results which parallel 
theorems in the usual probability theory, as well as a number of applications and connections to 
other fields, notably to the theories of operator algebras and random matrices. The connection of 
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free Appell polynomials to free probability theory is not unexpected, since the importance of the 
difference quotient was discovered by Voiculescu in his work on free entropy [Voi98, VoiOO]. 

Again, one can define multivariate free Appell polynomials, except in this case it is natural to con- 
sider polynomials in multiple non-commuting variables. The extension of the class to free Sheffer, 
and the restriction to the free Meixner class was carried out in [Ans08b, Ans07a], and some of 
these results are summarized in Section 4. They include conditions on the free cumulant generating 
function of a free Meixner state cp (a multivariate version of the measure /z) and an operator model 
for it. 

In this paper, we consider the program described above where the starting point is yet another 
derivative operator 

W)W = Mil, 

x 

In other words, we define the Boolean Appell polynomials by the recursion 

DA n {x) = A n ^(x) 

(note that Dx n = x n ~ l ) and condition (1). D is the q = version of the g-derivative 

D fix) = f{x) - fiqx) 
qJ[) (l-q)x ' 

and so the Boolean Appell polynomials in a single variable are a particular case of the g-Appell 
polynomials of [AS67]. 

The probabilistic connection of the Boolean Appell polynomials is to a different non-commutative 
probability theory, the so-called Boolean probability. The first examples from this theory date from 
the 1970s [vW73, Boz86, Boz87]. The Boolean theory is much simpler than free probability theory, 
and at this point lacks its depth, primarily because of the lack of the random matrix techniques. 
Nevertheless, it has a number of crucial properties since it comes from a universal product; in 
fact, by a theorem of Speicher [Spe97] (see also [BGS02, Mur03]), Boolean, free, and classical 
theories are exactly the only ones which arise from universal products (respectively, Boolean, free, 
and tensor) which do not depend on the order of the components. A sample of work on Boolean 
probability theory includes [SW97, PriOl, Ora02, Fra03, KY04, Mlo04, Len05, Sto05, Ber06]. 

We start the paper by defining multivariate Boolean Appell polynomials and describing their gener- 
ating functions, recursion relations, and other basic properties, which are analogous to the classical 
and the free case. Then we use the generating function form to define the Boolean Sheffer class. 
Here the analogy breaks down and a new phenomenon appears. Namely, while the free and Boolean 
Appell classes differ, the free and Boolean Sheffer classes happen to coincide, even the the multi- 
variate case. It follows that the free and Boolean Meixner classes (Sheffer + Orthogonal) coincide 
as well. So for a free / Boolean Meixner state </?, in addition to conditions on its free cumulant 
generating function, we get similar conditions on its Boolean cumulant generating function. One 
consequence of these relations is that the free / Boolean Meixner class is preserved under the trans- 
formation B t from [BN07a, BN07b]. Another is the explanation of some limit theorems from the 
theory of conditional freeness. A third is the observation that the Boolean-to-free version of the 
Bercovici-Pata bijection [BP99, BN06] takes the free Meixner class to itself, and has a simple ex- 
plicit form on it. 

Laha and Lukacs [LL60] characterized all the (classical) Meixner distributions using a quadratic 
regression property, and Bozejko and Bryc [BB06] proved the corresponding free version. We prove 
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a Boolean version of this property, which however holds not for the full free / Boolean Meixner 
class, but only for a smaller class of Bernoulli distributions. 

Another place where the analogy between classical and free theories on one hand, and Boolean on 
the other, breaks down is in the relation between cumulants, convolution, and the Jacobi parameters. 
If {fi t } is a convolution semigroup of Meixner distributions, and {P n (x, t)} are the corresponding 
orthogonal polynomials, they satisfy recursion relations of the type 

xP n {x ) t) = P n+ i(x, t) + (t + nb)P n (x, t) + n(t + (n — l)c)P n _i(x, t). 

Similarly, if instead {fi t } are a free convolution semigroup of free Meixner distributions, the corre- 
sponding orthogonal polynomials satisfy 

xP Q {x,t) = P 1 (x,t)+tP Q {x,t), 

xP!(x,t) = P 2 (x,t) + (t + b)P 1 (x,t)+tP (x,t), 

xP n (x, t) 

= P n +i(x,t) + (t + b)P n (x,t) + (t + c)P n -i(x,t). 

In both cases, the Jacobi coefficients are linear in t. This is certainly not the case for general (classi- 
cal or free) convolution semigroups. Similarly, there is not in general a simple relation between the 
(classical or free) cumulants of a measure and the Jacobi parameters of its orthogonal polynomials. 

In contrast, in the Boolean case these special properties of the Meixner class actually hold for 
all measures: Jacobi coefficients are linear in the Boolean convolution parameter, and Boolean 
cumulants have a simple expression in terms of the Jacobi parameters. The single- variable versions 
of these statements are known [BW01, Leh03], and we show that they hold for arbitrary states which 
have monic orthogonal polynomials. Along the way, we construct a multivariate continued fraction 
expansion for a moment generating function of any such state, a result which is of independent 
interest. 

The paper is organized as follows. Section 2 sets out the notation and background results. Section 3 
describes the Boolean Appell polynomials. Section 4 describes the coincidence of the Boolean and 
free Meixner classes. Finally, the general results about the continued fraction expansion and the 
operator representation of Boolean cumulants are contained in the appendix. 

Acknowledgements. I thank Andu Nica, Serban Belinschi, and Wlodek Bryc for useful and enjoy- 
able conversations. 

2. Preliminaries 

Variables in this paper will typically come in rf-tuples, which will be denoted using the bold font: 

x = (xi, x 2 , ■ ■ ■ , x d ), and the same for z, S, etc. 

2.1. Operations on power series. Let z = (z 1: . . . , z d ) be non-commuting indeterminates. For 
a non-commutative power series G in z and % = 1, . . . , d, define the left non-commutative partial 
derivative DiG by a linear extension of A(l) = 0, 

DiZti = 5 iu (i)Z u (2) ■ ■ ■ Z u (n)- 

Denote by DC7 = (-DiG, . . . , D d G) the left non-commutative gradient. 

For a non-commutative power series G, denote by C7 _1 its inverse with respect to multiplication. 
For a ci-tuple of non-commutative power series G = (G 1: . . . , G d ), denote by G^ -1 ^ its inverse with 
respect to composition (which is also a rf-tuple). 
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2.2. Polynomials. Let C(x) = C(xi, x 2 , . . . , xa) be all the polynomials with complex coefficients 
in d non-commuting variables. Multi-indices are elements u e {1, . . . , d} k for k > 0; for \u\ = 
denote u by 0. Monomials in non-commuting variables (x\, . . . , a^) are indexed by such multi- 
indices: 

Xtf X u (i} . . . X u (j^. 

Note that our use of the term "multi-index" is different from the usual one, which is more suited for 
indexing monomials in commuting variables. 

For two multi-indices u, v, denote by (u, v) their concatenation. For u with \u\ — k, denote 

(ur = (u(k),...,u(2),u(l)). 
Define an involution on C(x) via the linear extension of 

(axa)* = ax^op, 

so that each Xi is self-adjoint. 

A monic polynomial family in x is a family {P^(x)} indexed by all multi-indices 

oo 

{J{ue{l,...,d} k } 

k=l 

(with Pi$ = 1 being understood) such that 

-Pu(x) = x,n + lower-order terms. 
Note that Pt ^ P^yp in general. 

2.3. Algebras and states. Let A be a complex * -algebra. Denote by 

A sa = {X G A : X = X*} 

its self-adjoint part. A state $ : A — > C is a linear functional which is unital, that is $ [1] = 1 if A 
has a unit, compatible with the *-operation so that for any X £ A, 



and positive, that is for any X £ A 

$ [X*X] > 0. 

We will think of the pair (A, $) as a non-commutative probability space, and refer to its elements 
as (non-commutative) random variables. 

A state $ induces the pre-inner product 



(X,Y) = $[X*Y} = (Y,X) 

and the seminorm 

||X|| = y^[X^X]. 

We will also denote 



\\XY\\ N>\Y*(X*X)Y] 
Most of the time we will be working with states on C(x) arising as joint distributions. For 

x±,x 2 , . . . , x d e A sa , 
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their joint distribution with respect to $ is a state on C(x) determined by 

V? [P(x u x 2 ,..., x d )} = $ [P(X U X 2 , . . . , X,)] 

The numbers (p [xq] are called the moments of (p. More generally, for d non-commuting indetermi- 
nates z = (z 1: . . . , z d ), the series 

M(z) = ^2 ¥ M Z u 

it 

is the moment generating function of (p. In the remainder of the paper, except for the appendix, we 
will assume that under the state cp, the variables have zero mean and identity covariance, 

y? [xi] =0, ip [xiXj] = Sij. 

A state ip on C(x) has a monic orthogonal polynomial system, or MOPS, if for any multi-index u, 
there is a monic polynomial P^ with leading term xq, such that these polynomials are orthogonal 
with respect to (p, that is, 

(Pz,Pv)^ = 

for M^tJ. 

2.4. Partitions. A partition n of a set V C Z is a collection of disjoint subsets of V (classes of 
7r), 7t = (£>!, B 2 , . . . , B k ), whose union equals V. We denote the collection of all partitions by 
V{V). Most of the time we will be interested in partitions V(n) of {1,2,..., n}. Partitions form a 
partially ordered set (in fact a lattice) under the operation of refinement, so that the largest partition 
is 1 = ({1,2,..., n}) and the smallest partition is = ({1} , {2} , . . . , {n}) . We will use % ~ j to 
denote that i, j lie in the same class of it. 

Let NC(V) denote the collection of non-crossing partitions of V, which are partitions it such that 

i Z i\ j £ j\ i rfj j,i < j <i' i < j' < f'. 

Let Int(V) denote the collection of interval partitions of V, which are partitions it such that 

. 7T ./ . ./ . 7T . 7T ./ 

2~2,2<J<2 =^2~J~2. 

For each n, let NC(n) (resp., Int(n)) denote the collection of non-crossing (interval) partitions of 
the set {1,2,..., n}. Both iVC^V) and Int(V) are sub-lattices of the lattice of all partitions; in fact, 
they have an additional property of being self-dual. As a lattice, Int(n) is isomorphic to the lattice 
of all subsets of a set of (n — 1) elements, and for this reason interval partitions are sometimes called 
Boolean partitions. 

2.5. Cumulants. The Boolean (respectively, free) cumulant functional rj (resp., R) corresponding 
to a state p is the linear functional on C(x) defined recursively by R [1] = rj [1] = and for \u\ = n, 



(2) V M = <P [xa] - II 71 

nElnt(n), B£w 

resp. 

(3) R[x it \=ip[x it \- H R 

TveNC{n), SStt 



ieB 
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which expresses r) and R [x$\ in terms of the joint moments and sums of products of lower- 
order cumulants. From these, we can form the Boolean (resp., free) cumulant generating function 
rj (resp., R) of if via 

00 

77(21, z 2 , . . . , z d ) = 71 z ^ 

n=l \u\= n 

resp. 

00 

R(z 1: z 2 ,...,z d ) = YY R 

n=l \u\=n 

where z = (zi,...,Zd) are non-commuting indeterminates. If M(z) is the moment generating 
function of ip, then from definitions (2), (3) there follow the generating function relations 

77(z)(l + M(z))=M(z), 

which is equivalent to 

(4) 77(z) = l-(l + M(z))- 1 , 
and 

r( Zi (1 + M(z)), . . . , z d {\ + M(z))) = M{x), 

(5) v J 

R{{\ + M(z))^, . . . , (1 + M{z))z d ) = M(z), 

see [SW97] and Lecture 16 of [NS06]. Note that the generating function i for the classical cumu- 
lants can also be defined in a similar way, using the lattice of all partitions, commuting variables, 
and an exponential moment generating function. 

Lemma 1. 

(a) For F, G power series in z, 

D i (F(z)G(z)) = (D i F)(z)G(z)+F(0)D i G(z) : 

where F(0) is the constant term of F. 

(b) For Zi = Wi {l + M{z)), 

DjR(z) = (1 + M(w)) _1 £>jM(w). 

(c) Dtfiyr) = -Dj(l + M(w))- 1 = Dj-M(w)(l + M(w))-\ 

Proof. Part (a) is straightforward. Part (b) is Lemma 14 of [Ans08b]. For part (c), 
D jV (w) = -D 3 {\ - r](w)) = -D.il + M(w))- 1 

= -Dj [I - M(w)(l + Miw))' 1 ] = DjM(w)(l + M(w))^ 1 . □ 

For Xi,X 2 , . . . ,X d e iA sa , $), we will also use notation 

7} [X U X 2 ,..., X d ] = 7]^ [xix 2 ...x d ], 

where ip is the joint distribution of X 1: X 2 , . . . , X d with respect to $. 
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2.6. Independence, {xi, x 2) . . . , Xd} are Boolean (resp., freely) independent with respect to ip if 

rj (resp., R) [x, u ] = 

unless all u(l) = u(2) = This is usually expressed as a "mixed cumulants are zero" condition. 

The condition for free independence in terms of moments is more complicated: whenever u(l) 7^ 
u(2) 7^ ... 7^ u(n) and P 1: . . . , P n are polynomials with p> [Pj(x u (j))] = 0, then 

V? [Pl(x u (l))P2(x u (2)) ■ ■ ■ Pn{Xu(n))] = 0. 

In contrast, the definition of Boolean independence in terms of moments is more straightforward: 
again whenever u(l) 7^ u(2) 7^ ... 7^ u(n), for any v(l),v(2), . . .v(n) > 1 



(6) p 



v(l) v{2) v(n) 
y u(l) X u(2) ■ ■ ■ x u(n) 



X u(l) 



T «(2) 
Z «(2) 



x u(n) 



Note that this definition does not imply a property like free independence above for general poly- 
nomials rather than monomials, since for example 

(7) p [xilxi] = p [xf\ ^ p [xi] p [1] p [xi] . 

Remark 1. In Section 3.3, we will need the notion of Boolean independence for more general 
algebras than just the polynomials. In a unital *-algebra (A, non-unital *-subalgebras Bi, B 2 
are Boolean independent if for any X± E B u ($, u(i) 7^ u(i + 1) 

(8) $ [X ± X 2 . . . X n ] = $ [X ± ] $ [X 2 ] ... $ [X n ] . 

If Alg (1, £>i) is the unital subalgebra of ^4 generated by 1 and B\, and similarly for Alg (1, £> 2 ), for 
elements of these subalgebra a factorization of the type (8) no longer needs to hold. Nevertheless, 
the following particular cases will remain true. 

Lemma 2. IfX E Alg (1, B u B 2 ), Y E Alg (1, B ± ), Y' E B lt Z E Alg (1, B 2 ), then 

$ [yz] = $ [y] $ [z] , 
$ [xy'z] = $ [xy'\ $ [z] . 

2.7. Convolutions and products. If <p, ip are two unital linear functionals on C(x), then p> l±l ip 
(resp., (p EH 99), their Boolean (resp., free) convolution, is a unital linear functional on C(x) deter- 
mined by ^(z) + 7ty(z) = ^tt)v( z ) (resp., i^(z) + i^(z) = ^^(z)). See Lecture 12 of [NS06] 
for the relation between free convolution and free independence; the relation in the Boolean case is 
similar. 

Unital linear functionals p m (resp., p mt ) form a Boolean (resp., free) convolution semigroup if 

(p»* tt) p^ s = v? a( * +s) (resp., p m ffl p ms = v? ffl( ' +s) ). 

If {<pi, ip 2 , . . . , pd} are unital linear functionals on C[x], their Boolean (resp., free) product is the 
unital linear functional p = (p 1 p 2 . . . p d (resp., p>\ * p> 2 * . . . * p d ) determined by 

rj^z) = rj^Zi) + . . . + ri Vd (z d ), 

resp. 

R v (z) = R Vl {zi) + . . . + Rpd(zd)- 

Remark 2. Since we typically consider random variables with zero mean, many of our considera- 
tions are valid, or perhaps even more appropriate, for the Fermi convolution of [Ora02]. 
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3. Boolean Appell polynomials 

3.1. Single variable polynomials. We first summarize the properties of the single variable Boolean 
Appell polynomials. The proofs are omitted, as the results follow from the more general multivari- 
ate formulas. 

Remark 3. If li is a positive measure on M, its Cauchy transform C7 M : C + — > C~ is the function 

G^z) = / -J—d(i(x). 
Jr z ~ x 



Then the function 



has all the properties of the Boolean cumulant generating function. If all the moments of li are 
finite, and so \x is identified with a linear functional on polynomials, the relation between and 
the Boolean cumulant generating function r\ of li is simply 

r j (z)=zK lt (l/z). 
We will denote the actual Boolean cumulants of li by n n , so that 

oo 
n=l 

Similarly, m n = Li(x n ) are the moments of li, 

oo 

71=1 

Proposition 1. Boolean Appell polynomials corresponding to the unital linear functional li have 
the following properties. 

(a) (centering) A (x) = 1, /i(A n ) = Oforn > 0. 

(b) (differential recursion) 

DA n = A n _i, 



where 

(c) (recursion) 

(d) (explicit formula) 

(e) (generating function) 



Ob 

xA n = A n+ i + K n +i, 

n 

A n {x) — X — ^ ^ K k X , 
k=l 



- — rr 

n=0 2 



(f) (powers-of-x expansion) 

n 

x n = ^2m k A n ^ k (x). 



k=0 
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Remark 4. Boolean Appell polynomials are polynomials of Brenke type [Chi68], that is, their 
generating function has the form A(z)B(xz). Some of the properties in this proposition follow 
from the results for this more general class. Recall also that, as mentioned in the Introduction, 
Boolean Appell polynomials are a particular case of the q- Appell polynomials considered by Al- 
Salam. As such, they form a commutative groups under the "Appell multiplication" of power series 
[App80], like the classical Appell polynomials and unlike the free Appell polynomials. Another 
property which holds in the Boolean and classical case but not in the free case is that the lowering 
operator for the Sheffer class (see the next section) commutes with the lowering operator for the 
Appell class: u~ 1 {D)P n = P n _i. We will not pursue this approach further. 

3.2. Multivariate Boolean Appell polynomials. Let A be a complex *- algebra with a unital in- 
compatible linear functional <£>. For any n e N, define a map 

A : (A S T - A, (X ± , X 2 ,..., X n ) h- A(X U X 2 ,..., X n ) 

by specifying that A{X\, X 2 , . . . , X n ) is a polynomial in X 1 , X 2) . . . , X n , 

D Xi A(X 1 , X 2 , . . . , X n ) = SuA(X 2 , X n ) 

(with A(0) = 1), and 

$[A(X 1 ,X 2 ,...,X n )} = 0. 

Since 

n 

P(X U X 2 ,...,X n ) = J2 XiD^PiX,, X 2 ,..., X n ) + const, 

i=i 

the maps A are determined uniquely (unlike in the free case [Ans04, Section 3.3], where an extra 
order condition had to be specified). It is easy to see that each A is multilinear. By taking A = 
C{xi, x 2 , . . . , Xd), we get the following definition. 

Definition 1. A Boolean Appell polynomial family {A$(x 1: x 2 , . . . , x d )} corresponding to a func- 
tional (p on C(x) is a monic polynomial family determined by 

AAj,«)(x) = SijAa(x) 

and 

if [Aa(x)] = <J a> 0. 

Proposition 2. Let X 1 , X 2 , . . . , X d e (A sa , $), ^ez'r j'om? distribution, r)(z) its Boolean cumulant 
generating function, and rj [•] its Boolean cumulant functional. 

(a) The generating function for the Boolean Appell polynomials is 

if (x, z) = 1 + M*)zu = (1 - x • z)- 1 (1 - ^(z)) = (1 - x • z)- 1 (1 + M(z))- 1 . 

(b) f/ze mutual expansions between monomials and Boolean Appell polynomials are 

n-l 

(9) A(X 1 ,X 2 , ...,X n )= X X X 2 ...X n -J2*i---XkV [X k+ i, ...,X n \. 

and 

n-l 

X X X 2 ...X n = A(X U X 2 ,..., X n ) + ^2 A(Xi, . . . , X k )ip [X k+ i . . . X n ] . 

k=0 
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(c) The Boolean Appell polynomials satisfy a recursion relation 

XA(X ± ,X 2 , ...,X n ) = A(X, X 1 ,X 2 ,...,X n )+ v [X, X U X 2 , . 
Proof. For (a), we note that 



D Xi H(x,z) = D Xi ^l + J^XuZ^j (1 + M(z))- 1 = ^/f(x,z) 



and 



ip[H(x,z)] = up 



1 + (1 + M(z))- 1 



;i + M(z))(l + M(z))- 



Since these conditions determine Ag uniquely, the result follows. 
For (b) 



if (x, z) = 1 + M*)zu = 1 + (I" ^(z)) 

u \ u / 



u,v 



which implies 



n-l 



i=0 



Also 



(1-x-z)- 1 = 1 + ^^ = (1 + J^4rzff)(l + M(z)) 



which implies 



n-l 



z 3 = A 3 + y^( M (i),..., M (i))y [a;(«(i+i),..., u (n))] 



i=0 



Finally, part (c) follows from the first expansion in part (b). 



The proof of Proposition 1 now follows from the observation that 
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3.3. Boolean martingales. 

Proposition 3. (Boolean binomial properties). 

(a) If the variables {xi} are Boolean independent and 

k = min(i|x u ( i+ i) = x u{i+2 ) = ■ ■ ■ = ^«(n) = x), 

then 

Ajj(x) = X( u( i) j ... ) „( fc ))A n _ fc (x). 
More generally, if X k is Boolean independent from X k+ i, ■ ■ ■ , X n , then 

A(X 1 ,X 2 , . . . , X n ) = XiX 2 . . . XfeA(Xfe+i, . . . , X n ). 

(b) //'{Xj} , {Yi} G .4 are Boolean independent with respect to $, then 
A{X l + y,X 2 +y 2 , . . . ,X n + Y n ) = A(X,,X 2 , ...,X n ) + A(Y 1 ,Y 2 , . . . ,Y n ) 

n-l 

+ ^(Xx + y) . . . (x fc _x + r fe _ 1 )y fe A(x fc+1 , ...,x n ) 

k=l 

n— 1 

+ + y) . . . (x fc _i + n_ 1 )x fe A(n +1 , . . . , y n ). 
fc=i 

Proof. Using the explicit form formula (9), 

n-l 



A(Xl, X 2 , . . . , X„) = XiX 2 . . . X n — X 1 . . . Xtf [X i+ i, . . . , X n ] 

i=0 

n-l 

= XiX 2 ...X n — ^ X 1 . . . X,iT] [X i+1 , . . . , X n ] 



n-l 



X X X 2 . . . X n — X 1 . . . X k ^ X k+ i . . . Xtf [X i+ i, . . . , X n ] 



i=k 

= XiX 2 . . . X k A(X k+1 , . . . , X n ). 
Therefore, using the multi-linearity of the Boolean Appell polynomials 

A(X 1 + Y U X 2 + Y 2 ,...,X n + Y n ) = A(X 1 ,X 2 , ...,X n ) + A(Y U Y 2 , . . . ,Y n ) 

n-l 

i + Yi, . . . , X k _i + Yfe_i, Y k , X k+ i, . . . , X n ) 

k=i 

n-l 



Y±, . . . , X k _i + Yfe_i, X k , Y k+ i, . . . , Y n 



k=i 



A(X 1 ,X 2 ,...,X n )+A(Y l ,Y 2 ,...,Y n ) 



n-l 



+ J2( x i +Yi)... (x fc _x + y fc _ 1 )n^(x fc+1 , . . . ,x n ) 

k=l 

n-l 

+ J2( x i +Yi)... (x fc _x + y fc _ 1 )x fc A(y fc+1 , . . . , y n ). 



fe=i 
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□ 

Remark 5. Let A be a complex *-algebra, $ a state on it, and B C A a subalgebra. We can 
form Hilbert spaces L 2 (B, $) C £ 2 (-4., and let $ [-|£>] denote the projection on the subspace 
L 2 (B, $). If in fact $ [*A|£>] C A this projection is called a (state-preserving) conditional expecta- 
tion. This is always the case if A, B are von Neumann algebras and $ is a trace, however states in 
Boolean theory typically are not tracial. Note that if $ is faithful on B, $ [Y\B] is characterized by 
the property that 

(10) $ [Xip [Y\B]] = $ [XY] 

for any X e B. 

Proposition 4. If§ is a faithful state, {Xj, Y^i — 1, . . . , n) C (A sa , $), {Xj} C B and {Fj} are 
Boolean independent of the subalgebra B in the sense of Remark 1, then 

$ [A(X 1 + Y X ,X 2 + Y 2 ,...,X n + Y n )\B] = A(X l7 X 2 , . . .,X n ). 

In particular, Boolean Appell polynomials are Boolean martingales 

$[A n (X + Y)\X] = A n (X) 

and 



(Vx(z) +Vy(z)) 



B 



1 - Vx(z) 
1-Xz 



1 - (X + Y)z 

Proof Using Proposition 3, Lemma 2, and the fact that the Boolean Appell polynomials are cen- 
tered, for any X e B 

$ [XA(X 1 +Y 1 ,...,X n + Y n )\ = $ [XA(X U X 2 , . . . , X n )\ + $ [XA(Y U Y 2 , . . . , Y n )\ 

n-1 

+ $ [^(^i + y • • ■ + n-i)nA(x fc+1 , . . . , x n )\ 



k=i 

n-1 



+ $ [*(*i + y • • ■ ( X k-i + Y k ^)X k A(Y k+1 , . . . , Y n )\ 



k=i 

= Q[XA(X 1 ,X 2 ,...,X n )]. 

□ 

The preceding proposition is closely related to the Markov property for the processes with Boolean 
independent increments (see Section 4.2 of [Fra03]), which will be investigated in a future paper. 

Remark 6 (Fock space representation and the Kailath-Segall polynomials). While the Appell poly- 
nomials are sometimes called Wick products, it is more appropriate to reserve that name for the 
following objects. Let Aq be a *-algebra with state ip. The operators W(f± : f 2 , . . . , f k ) in the 
algebra of symbols generated by {X(f)}, for fa e A^ a , are defined via the relations 

W(f)=X(f), 

(1 1) W(f, h) = X{f)W{h) - W{fh) - i> [fh\ /, 

W(f, /!,..., /„) = X(f)W(f h f 2 ,..., f n ) - Wtfh, f 2 ,..., f n ) 
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for n > 2. Compare with Section 3.7 of [Ans04], and note the use of the Boolean annihilation 
operator, acting only on the first level of the Fock space (see below), as in Section 4.5 and Proposi- 
tion 15. W(fx, / 2 , . . . , /„) is a polynomial in the variables 

|x(IJ/ i )|5c{l,2,...,n}l, 
called the (Boolean) Kailath-Segall polynomial. However, 

A(x{f 1 ),x(h),...,x{f n ))= Yi w {u n f™>-> n fm) 

n£lnt(n) i(l)6Bi i(2)eB 2 i(k)eB k 

n=(B u B 2 ,...,B k ) 

and in particular is a polynomial in {X(fi), X(f 2 ), . . . , X(/ n )} only. Note that this expansion is 
exactly the same as in the free case [Ans04, Proposition 3.22], but of course in terms of different 
polynomials. The expansions in Proposition 2 can now be derived from the more basic expansions 
in terms of the Kailath-Segall polynomials. 

Denote H = L 2 (A , ip). Let 

^aig(W) = CQ © H © H m © . . . 
be its algebraic full Fock space. If we represent all these operators on jF alg (7Y) via 

(12) w(f u h ./;,)<> /, ./, ... /„, 

and put an inner product on JF alg (7i) in such a way that different components of jF alg (H) are or- 
thogonal and each X(f) is symmetric, it follows from the relations (12) and (1 1) that ||£|| = for 
C G H® k , k > 2. So in this case 

A{X{h), X(f 2 ), . . . , X(f n ))Q = hh ■■■fn- 

4. Boolean Meixner polynomials 

4.1. Boolean Meixner states. Since we have found Boolean Appell polynomials to have generat- 
ing functions of the form (1 — x ■ z) -1 (1 — r)(z)), we now define Boolean Sheffer polynomials to 
be polynomial families with generating functions of the form 

(l-x.V(z))- 1 (l-^(V(z))) 

for some rf-tuple of non-commutative power series V. Recall [Ans04] that free Sheffer polynomial 
families have generating functions of the form 

(l-x-U(z) + J R(U(z)))" 1 . 
We now show that these are the same. 

Proposition 5. Let ip be a functional, and R, r\ its free, respectively, Boolean, cumulant generating 
functions. Then 

(l - x ■ U + i?(U)) _1 = (1 - x • V)- 1 (1 - 77(V)), 

where 

(13) U=(1 + M(V))V 
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and 

(14) V = (l + i2(U)) _1 U 
are two d-tuples of power series. 

Proof. We first note that an application of the identity (5) shows that equation (13) is equivalent to 

R(XJ) = M(V), 

which is equivalent to (14) since 

Vi = (1 + M(y))~\l + M(V))Vi = (1 + ^(U))- 1 ^ + M(V))Vi. 

Therefore 

(l - x • U + i?(U)) _1 = ((1 + R(U)) (1 - (1 + i?(U))- 1 (x • U))) _1 

= (l - (1 + i?(U))- 1 (x • U)) _1 (l + ^(U))- 1 

= (l - (1 + M(V))- 1 (x • (1 + M(V))V)) _1 (1 + M(V))- 1 

= (1 -x- V) _1 (l -??(V)). □ 

It follows that the free and Boolean Meixner polynomial families coincide, and therefore so do 
the classes of free and Boolean Meixner states. Recall the characterizations of the free Meixner 
states. Theorem 3 of [Ans07a] described such states on M(x). The following proposition is the 
corresponding result for states on C(x). Its proof is a straightforward translation. 

Proposition 6. Let <p be a state on C(x) with a monic orthogonal polynomial system (MOPS), zero 
means and identity covariance. ip is a free Meixner state if and only if any one of the following 
equivalent conditions holds. 

(a) The polynomials with the generating function 

Pu(*)zu = (l - x • U(z) + i*(U(z))) 1 

\u\>0 

for some U are a MOPS for ip, where R is the free cumulant generating function of (p. In 
this case necessarily 

(DiR)(V(z)) = Zi, 

so that U= (DR)^. 

(b) There exist Hermitian dxd matrices 7* and a diagonal d 2 x d 2 matrix C with I + C > and 
(Ti<g>I)C = C(Ti<S>I) such that ip has a representation ipc,{Ti} as a Fock state in the sense of 
Proposition 11. Here C« = I, = C <g> far k > 2, t} 0) = 0, % {k) = % <g> J®^" 1 ) 
for k > 1. 

(c) Denoting the entries of the matrices T k ,C by Bfj, C^, respectively, the free cumulant gener- 
ating function of (p satisfies, for each i, j, a (non-commutative) second-order partial differ- 
ential equation 

d 

(15) D i D j R(z) = Sij + B ij D kR{z) + QjDiR^DjRiz). 

k=l 
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(d) There is a family of polynomials {Pa} such that if [P#] = Ofor all u ^ and they satisfy a 
recursion relation 




k=l 
d 

XiP(j,u) = P(i,j,u) + ^2 B ij P ( k $) + M 1 + C i,u(V) P ti- 
k=l 

We now show that, while the Boolean and free Meixner states coincide, and so the free characteri- 
zations above hold for the Boolean Meixner states, the Boolean versions of these properties hold as 
well. 

Proposition 7. The following are equivalent to the conditions in Propositions 6. 

(a) The polynomials with the generating function 

(l-x-vr^i-^v)) 

are a MOPS for if, where 

{D l K){V{z)) = z l . 

so that V = (DKy-V. 

(b) The Boolean cumulant generating function off satisfies, for each i, j, 

DiDj^vf) = % + J2 B ij D kVM + (1 + C^D^Djrjiw). 

k 

Proof For part (a), we use the known relation in the free case and the change of variables in Propo- 
sition 5: 

(D l R)(U) = z l 

is equivalent to 

R(U)=Y t U i z i , 

i 

so that 

M ( V ) = I> + M ( V ))^> 

i 

and 

77(V) = 1 - (1 + M(V)r 1 = (1 + M(V)) _1 M(V) = V i z i, 

i 

which finally is equivalent to 

(D irj )(V) = Zi . 
For part (b), we start with the characterization 

DiDjRiz) = 5^ + ^B? j D k R(z) + C ij D i R(z)D j R(z). 
k 

Multiplying by z^ and summing over i, 

DjR(z) =z J + J2 B^ZiD k R{z) + C^D^D^z). 

k,i i 
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Substituting Zi — Wi(l + M(w)) and using Lemma 1, 

(1 + M(w))- 1 D j M(w) = Wj (l + M(w)) +J2 B ij w i( 1 + M )(! + M)- l D k M(w) 



k.i 



+ J2 C ijM 1 + M )( l + M)"'AM(w)(l + M(w))- 1 J D,M(w) 

i 

= Wj (l + M(w)) + £ B* jWi D k M(w) 

k,i 

+ ^ C^^AM(w)(l + M(w))- 1 J D j M(w). 



Multiplying by (1 + M(w)) 1 on the right, we get 

(1 + M(w))- 1 ,D j M(w)(l + M(w))- 1 

= Wj + Y J B k ij w l D k M{w){\ + M(w))- 1 



+ ^(7^AM(w)(l + M(w))- 1 D j M(w)(l + M(w))- 1 

i 

so that, using Lemma 1 again, 

(1 + M(w))- 1 D j ^(w) = Wj + J2 B ij w i D kVW +J2 C v w i D MW D M w )- 

k,i i 

Applying A> we finally get 

A(l + M(w))- 1 J D^(w) + DiDj-qiyr) = <% + ^5j.A?7(w) + C^A^w^^w), 



or 



DiDtfiw) = S tj + ^ B^D k r](w) + (1 + C^) A^(w) J D^(w). □ 



4.2. Belinschi-Nica transformation. Belinschi and Nica [BN07a, BN07b] have considered a "re- 
markable transformation" 

which has a number of surprising properties, for example the relation to the multiplicative free 
convolution. A number of examples computed in the first of these papers are explained by the 
following proposition. 

Proposition 8. 

(a) The free / Boolean Meixner class is closed under free and Boolean convolution powers, and 
consequently under the operation B t . In fact, 

(b) Every one-dimensional free / Boolean Meixner distribution can be obtained from a Bernoulli 
distribution by the application of an appropriate B f . 
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Proof. Let (p = ^>c,{t,} be a free Meixner state. As shown in Section 3.1 of [Ans07a], the MOPS 
for (p mt satisfy the recursion relations 

Pii 

d 

XiPj = P(i,j)+J2 B ii Pk + 5i i t > 
k=i 

d 

XiP(j,u) = P(i,j,u) + ^2 B ij P ( k ^) + <M* + C i,u{l))Pu- 
k=l 

which shows that (p mt is a dilated free Meixner state (with co variance tl). On the other hand, it 
follows from Corollary 13 that the MOPS for tp m satisfy the recursions relations 

■£>i Pit 

d 

XiPj = P(iJ) + J2 B ij Pk + 5i j t > 
k=l 

d 

XiP(j,u) = P(ij,u) + ^ B ijP(k,a) + M 1 + Ci,«(i))-P«, 

k=l 

so ip w is also a dilated free Meixner state. Finally, it follows that M t (ip) = (ip^+t)^ 1 ^ 1 ^ a i so 
has a MOPS, and they satisfy recursion relations 

•£>i Pit 

d 

^Pj = P^) + Y. B i Pk + 6 v> 

k=l 
d 

x iP(j,u) = P(i,j,u) + ^2 B % B (Ku) + M 1 + t + Ci jU {i))P a , 
k=l 

so that M t ((p) = (fti+c,{T t }, which completes the proof of (a). For (b), we note that in the one- 
dimensional case, 

^(l+c^-lj = Vc,b 

and the free Meixner distributions with c = — 1 are exactly the Bernoulli distributions, specifically 

(16) ^Sf, + ^s-w 

with b = P- 1/13. □ 

Remark 7. The same argument shows that every "simple quadratic" free / Boolean Meixner state (a 
class of states with CV, = c, investigated at the end of [Ans07a]) can be obtained by the application 
of an appropriate B t from a free Meixner state with C = —I. Moreover, it is easy to deduce from 
Proposition 9 of [Ans07a] that a tracial state of the form (p_ I: { T .y factors through to a multinomial 
distribution on polynomials in commuting variables. Unfortunately, Boolean convolution, and so 
the multivariate version of M t , does not preserve the trace property. 
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On the other hand, any tracial "simple quadratic" free Meixner state with c < (and, in the limit, 
with c = 0) can be obtained from a multinomial distribution by a free convolution power with 
t = (— 1/c) followed by a dilation by 4^. 

Remark 8 (Bercovici-Pata bijection). The classes of distributions infinitely divisible in the classi- 
cal, free, and Boolean sense are all isomorphic, and (in the one-dimensional case) the corresponding 
measures have the same domains of attraction [BP99] . In the multivariate combinatorial case we 
are considering, the Boolean-to-free correspondence is simply 

ip i— > if>, where r)<p(z) = R^(z) 

(of course, the key issue is the infinite divisibility of ip, if>, in the state rather than a linear functional 
sense). In general, there is no simple formula for this correspondence (but see [BN06]). However, 
it follows from part (b) of Proposition 7 that this bijection takes the free / Boolean Meixner class to 
itself, and maps 

Note that all free Meixner states are infinitely divisible in the Boolean sense, and the ones infinitely 
divisible in the free sense are exactly those for I + C > 0. 

Example 9 (Free and Boolean product states). Let ip^i = 1, 2, . . . , d be one-dimensional states 
(measures), whose monic orthogonal polynomials satisfy the recursions 

X iPn \ X i) = Pn+li X i) + Pn ^ ^ ( X i) + In ( X i) 

Their free product state 

(fi = (fl* If 2 * • • • * fd, 

has a MOPS, which satisfy recursion relations with the following coefficients: for u(l) ^ i and 
k > 0, 

n (i k ,u),(i k ,u) — Pk 

(where in this example only, i k denotes . . . ,i) repeated k times) and the rest zero, and for 

k > 1, 

In particular, if each ipj is a free Meixner state, so that /3 = 0, 71 = 1, 

Pi = fc = ... = P 

and 

72 = 73 = • • • = 7, 

then 

B (j,u),(k,v) = $ijk$u,vf3 {l) 

and 

r _ i = j, 

so that Cij = Sijd® — 1) and f is also a free Meixner state. 
The Boolean product 

if; = <f! f 2 • • • fd 
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also has a MOPS, which satisfy recursion relations with coefficients 

Bikjk — @k\ 
= if 

and the rest zero. More precisely (see the proof of Theorem 2 of [Ans08a]) = for % ^ j, 

and other C(ajfc) and B l ^. h ^ _. for which some u(i) ^ j can be defined arbitrarily. For the product of 
free Meixner states, we can therefore set 

B (j,u),(k,v) = Sijk8u,v(3 {i) 

and 

Cr- ■ ^ = 8 -^ 

so that Cij = Sijj^ — 1, and tp is a free Meixner state. Note that this is consistent with the results 
in Remark 8, since that bijection takes Boolean products to free products. 

4.3. Conditional freeness. Another place where free Meixner distributions appear is the theory of 
conditional freeness [BLS96]. The objects in this theory are algebras with pairs of functionals on 
them. Conditionally free product induces a convolution on pairs of measures, 

(/!, V) = EE! (/i 2 ,Z/ 2 ), 

so that v — v\ EEl v 2 and /j, is determined via 

C{u,,v){z) = C^ uvi) (z) + C {m ^ 2) (z), 
where C^ v ) is a formal power series determined by 

C[z{\ + M v (z))] (1 + M,(z)) = M^z)(l + M v (z)). 

Note that if v x — v 2 — S , then C(z) = rj^z) so /j, — //i tfcl /i 2 , and if ^ = v x , /i 2 = ^2 then 
C(z) = Rfj,(z) so that /j, — n-i EEl /i 2 . 

In the central and Poisson limit theorems for the conditionally free convolution, the (first compo- 
nents of the) limiting distributions are free Meixner distributions (see also [BW07] for a related 
result). Indeed, these theorems involve measures for which C^ u )(z) is equal to R u (z) (= z 2 in the 
central and = -f—^ in the Poisson cases), or more generally is a constant multiple of it. In the first 
case 

R v [z(l + M u (z))] (1 + M,(z)) = M u (z)(l + M,(z)) = M,(z)(l + M u (z)), 

so that /i = v = the semicircle law in the central and the Marchenko-Pastur law in the Poisson limit 
theorem. Note that both of these laws are free Meixner. In the more general case when 

C^, v ){z) = aR v {z), 

we get 

aM v {z){\ + M^z)) = M„(z)(l + M v (z)), 

whence 

Vn(z) = otri v (z), 

so that 

li = v^ a . 

It remains to note that Boolean convolution powers of the semicircle or the Marchenko-Pastur law 
are free Meixner. Indeed, it follows that if C^ u ) (z) = aR u (z) and v is free Meixner, then so is \i. 
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Similar calculations explain the appearance of the free Meixner laws as limit laws in [BW01] and 
[KY04]. Further properties of the Appell and Sheffer-type objects in the theory of conditional 
freeness will be explored in a future paper. 



4.4. Laha-Lukacs property. Laha and Lukacs [LL60] proved that the classical Meixner distribu- 
tions are characterized by a quadratic regression property. Bozejko and Bryc [BB06] proved that 
the identical property, in the context of free probability, characterizes the free Meixner distribu- 
tions. We now show that in the Boolean theory, this characterization fails. Instead, the Boolean 
Laha-Lukacs property characterizes only the Bernoulli distributions. Notice that these can also be 
interpreted as the Boolean versions of the Poisson distributions, with the symmetric Bernoulli dis- 
tribution being the analog of the normal. Note also that, while conditional expectations in general 
may not exist, the expressions below are well-defined. Denote 

Var [X\B] = $ [(X - $ [X\B]) 2 \B 
In the non-tracial case, this need not equal $ [X 2 |Z3] — $ [X|£>] 2 . 

Proposition 9. Suppose X,Y are Boolean independent (with respect to $), self-adjoint, non- 
degenerate and there are numbers a,ao,C,a,b G R such that 

$[X|X + V] = a(X + Y) + a 

and 

(17) Var[X|X + V] = c(l + a(X + Y) + b(X + V) 2 ). 

Then X, Y have Bernoulli distributions. 

Proof. The proof of Theorem 3.2 in [BB06] goes through verbatim until Lemma 4.1. Briefly, we 
may assume that $ [X] = $ [Y] = 0, and $ [X 2 ] + $ [Y 2 ] = 1, so that a = and a = $ [X 2 ]. 
Denote (3 = $ [Y 2 ], § = X + Y and V = (3X - aY . Then 



(18) 
and 

(19) 



K n (X) = an n (S) and n n (Y) = 



7/ 



v,v 

n— 2 times 



a/3«; n (§) 



(note an order change from [BB06]) for n > 2. Also, 

$ [V 2 |§] = $ [(X - aS) 2 \S] = $ [(X - $ [X|§]) 2 |§] = Var [X|§] . 
Finally, after putting in normalizations and using equation (10), it follows from equation (17) that 
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Now using equations (2) and (19), 



k-1 



$ [§™V 2 ] = $ [S»V] ^ [V] + $ [S n ] 77 [V, V] + 11 (% 



7re/ni(rt) i=l LlBfcl times 

7r=(Si,S 2 ,-,Sfc) 



s,...,s,v,v 



fc-1 



Trelnt(n) i=l 
77=(B 1: B 2 ,...,B k ) 



Thus 



and 



n=0 n=0 n=0 

Noting that $ [S] = 0, 

M s (z) = z 2 (l + M s (z)) + azM s (z), 

so 

M S (V)(1 -a^-^ 2 ) = z 2 

and 



+2 



M s (z) = 



z 2 



1 — az — z 2 
Therefore 

1 l-r z-a 



GsW = i(l + M s (i)) 



z\ — - — \ z 2 — az — \ 

So the distribution of S, and from (18) also the distributions of X and Y, are Bernoulli distributions 
(16), with a replacing b. □ 

4.5. Boolean Meixner process. A construction inspired by [SniOO] produces an infinite dimen- 
sional Boolean Meixner (or, in the language of [Lyt03], Jacobi) field. Let A be a complex *-algebra, 
A sa its self-adjoint part, and ip a state on it, so that we can define the Hilbert space H = L 2 (A, ip) 
obtained via the GNS construction. We identify 

L 2 (A, if>) <g> . . . <g> L 2 (A, f) ~ L 2 (A x . . . x A, $ <g> . . . ® if>) 

with L 2 (A, ip) via the multiplication map 

m : A x . . . x A — > A, 

in other words we complete Ax ... x A with respect to the inner product 

(fl ® h ® ■ ■ ■ ® fn, 91 ® 92 ® ■ ■ ■ ® 9n) = i> [fn ■ ■ ■ flQl ■ ■ ■ 9n\ ■ 

With this identification, the full Fock space of H 

cn © n ® n m ® n m © . . . 

collapses to the extended Boolean Fock space 

:FiH) = Cn®H®H®H®..., 
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whose elements are of the form 

{a, 9i,92, ■ • •)• 

For / G A sa , define operators on T(H) 

a + (f)(a,9i,92,- ■ •) = (0, af, fg 1 ,fg 2 ,...), 
a°(f)(a,9i,92,- ■ ■) = (0, fgi, fg 2 , ■ ■ ■), 
a~ (/)(«» 0i» 02,...) = O [fgi] ,0,0, ...), 
a(f)(a,g 1 ,g 2 ,...) = (0, /# 2 , /#3, /#4, ■ ■ ■), 

and 

X(/) = a+(/) + 6o°(/) + o-(/) + co(/), 
where 6 G 1, c > 0. On put the inner product 

oo 

((a, gi ,g 2 , . . .), /ii, /i 2 , ..•)> = aP + ^ ^"V ■ 

k=i 

This is the same inner product as considered in [BW01], compare also with Section 5 of [KY04]. 
Proposition 10. 

(a) ||a+(/)|| <max(l >v £) WfW^, ||a°(/)IL < ll/IL- Af) " self-adjoint, and (a"(/)+a(/)) 
w adjoint of a + (f), so that for WfW^ < oo, X(f) is bounded and self-adjoint. 

(b) If {fi, f 2 , ■ ■ ■ , f n } are pairwise orthogonal, meaning fofj = Ofor i ^ j, then 

{X(f 1 ),X{f 2 ),...,X(f n )} 

are Boolean independent with respect to the vacuum state (fl, -Q). In fact, the joint Boolean 
cumulants of (X(f\), X(f 2 ), . . . , X(f n )) are the same as the joint free cumulants of Theo- 
rem 8 of |Sni00], so this is yet another implementation of the BP bijection. 

(c) For (A, ip) = (L°°([0, 1]), dx) and f = l[o,t), the distribution ofX(f) is (pfl- 

Remark 10. If c = 0, which corresponds to the Gaussian / Poisson case, this "extended Boolean 
Fock space" collapses to Cfl © H, which is a Boolean Fock space considered in [BGS04, Fra03]. 

Appendix A. Operator model, continued fractions, and applications 

A.l. Multivariate continued fractions. The purpose of this section is to prove Corollary 13, 
which shows that the relation between recursion relations and the Boolean convolution used in 
Proposition 8 holds in full generality. In the one variable case, this relation was observed in [BW01], 
and follows easily from a continued fraction expansion for the Cauchy transform of the measure. 
We follows that proof, which requires an introduction of a multivariate continued fraction expan- 
sion for a moment generating function of a general state (with a MOPS; see below). This result 
may be of independent interest. 

Remark 11 (General Fock space construction). Let Tt = C d , with the canonical orthonormal basis 
ei, . . . , e<i. Define the (algebraic) full Fock space of H to be 

oo 
k=l 
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For i = \,2,...,d, define af and a~ to be the usual (left) free creation and annihilation operators, 

( e «(i) ® e «(2) ® • • • <8> e u(fc )) = a <8> e u( i) <8> e u(2 ) <8> . . . <8> e u(fc) , 

<\ r (e„(i) <8> e u(2 ) <8> . . . <8> e„ (fc) ) = (e,, e u( i)) e u(2 ) <8> . . . <8> e u(fc ). 
For future reference, we also define the Boolean annihilation operator 



a~ onH® k ,k<l, 
0, onH® k ,k>2. 



For each k > 1 let be a diagonal non-negative d fc x d h matrix, with entries 

(20) C(e tt( i) (8) ... (8) e u(fc )) = C s e u( i) <8> . . . <g> e M(fc) . 

Similarly, for each i = 1, 2, . . . , d and each k > 0, let T^- 1 be a <i fc x <i fc matrix, with entries 

(21) %(e u (i) <8> . . . <8> e u(k) ) = ^ B i,w,a e w(i) <8> • • • <8> e w{k) . 

\w\=k 

We identify C^ h \ with operators 

Assume that and satisfy a commutation relation 

where 

4 fe) = (/ <g> / <g> . . . <g> / <g> . . . (J (8) 7 (8) C (fe - 2) )(J <g> C^-^C^. 

We will denote by and C the operators on jF alg (7Y) acting as T^- 1 and on each component. 
Finally, let d~ = a~C and 

Xi = aj + % + dr. 

With the appropriate choice of the inner product (•, -) c on the completion Tc^i) of the quotient of 
•^aig('H), all the operators af, %, d~ factor through to JF C (7Y), and each Xi is a symmetric operator 
on it. 

Proposition 11. (Part of Theorem 2 o/[Ans08a], modified for complex-values states) Let ip be a 
state on C(x). The following are equivalent: 

(a) The state tp has a monic orthogonal polynomial system. 

(b) For some choice of the matrices and as above, the state ip has a Fock space repre- 
sentation fc,{T t } a $ 

p [P( Xl , x 2 ,..., x d )} = (Q, P(X U X 2 ,..., X d )Q) . 
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(c) There is a family of polynomials {Pa} such that if [P#] = for all u ^ and they satisfy a 
recursion relation 

Xi = Pi + Bi$$, 



%iPu P(i,u) ~t~ ^ ^ Bi wu P w $i,uCui 
w=l 

XiPu = P(i,u) + Bi,w,uPw + ^,u(l)CuP( u (2),u(3),...,u(fe))- 

H=|3| 

Theorem 12. Le? ip be a state with a MOPS, |7^ fc \ C^j ?/ze matrices in its Fock space repre- 
sentation, whose entries are the coefficients in the recursion relation for the MOPS, and M(z) its 
moment generating function. Then 

1 

1 + M(z) = 

-(0) Ejx Z h E h C I J2kl -^fci^fci 

1 - V 



1-T z- T {1) ^ 

1 _ ^(2) _ Z^j 3 -A.'-J.^' ^fe 3 



(1) Ej 2 Z j2 E j2 C{2) \ Y,k 2 E k2 Z k2 



j2 h z j 3 E j3 c^\j: k E k3 z k 



Here for matrices 

we use the notation 

EjA\Ej 
B 

Proof. First treating 



A,B e M dkxd k ~ M dX(i <g> M dxd (8) ... (8) M dX(i , 

(ei<g> I <g> . . .<%> I, AB' 1 (e j <g> / <g> . . . <g> /)) e M dfc -i xd fc-i. 



simply as non-commuting symbols, we can apply the main Theorem 1 of Flajolet [Fla80] to repre- 
sent the continued fraction above as a sum over Motzkin paths, with J2 js Zj 3 Ej a C^ the weight of a 
falling step from level s to level s — 1, J2 ks E ks z ks the weight of a rising step from level s — 1 to 

level s, and z is T^ the weight of a horizontal step at level s. Then the coefficient of zq in the 
expansion of this continued fraction is the sum over all Motzkin paths of length |t?|, with the weight 
of the path p equal to 

\u\ 

i=i 

where 

E u (i)C^ s \ p(i) is a falling step on level s, 
a,i= { E u ty, p(i) is a rising step on level s, 

p(i) is a horizontal step on level s. 
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But this product is equal to 



where 



= < a u(i)-' 



\a\ \ 

a~a)C^ , p(i) is a falling step on level s, 
p(i) is a rising step on level s, 



^u(i)> * s a horizontal step on level s, 

and the sum of such products over all Motzkin paths of length \u\ is exactly 

Example 12. If all = 0, the expansion takes a simpler (scalar) form 
1 + M(z) = ' 



□ 



-.71 



-.71 



i-y.c 

£—111. 



32 ^3231 



-.73 



'33 



;j 3 ^333231 j _ _ 

In particular, in the "simple quadratic" free Meixner case C 31 = 1 and C 3k3k _^._ 31 = 1 + C 3k3k _ 1 , 
Cij = c, so that 



1 +M(z) 



1 



i-E 



31 



i-£*(i + c)- 



-.72 



-32 



-.73 



-.73 



and 



where 



i-(i+m)- i =x;^(i+^ 



1+A(z) 



i-E J2 (i + c)- 



-J2 



"J2 



i-£*(i + <0- 



"J3 



"J3 



satisfies 



Equivalently, 



i-E^i + c)^- 

1-(1+ A)" 1 = (1 + 0)^^(1 + ^, 

M = ^^(l + A)^(l + M) 
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and 



A={l + c)Y J ^ + A)z 3 {l + A) 



Note that in the one-dimensional case, the equations for A and M can be solved and give quadratic 
formulas. In the multivariate case of a free semicircular system, corresponding to c = 0, we get 
M = A and so 

M = 5>,(l + M) % (l + M) 

3 

which also follows directly from R(z) = zj and the transformation (5). 
Example 13. In the free product free Meixner case, CV, = SijCi, so 

1 + M(z) = ' 



1 - 



Z 3l 



"31 



y. 

■y ^32 


z h 


Zj 2 Cj 1 Zj 1 


Z 3i 


1 Sj3 Z 33 


z n c h z h 


z h -> Sj 2 z j2 


Zj 2 Cj 1 Zj 1 


Zj 1 



Example 14. For a general Boolean product 

d d 

1 - (1 + M)- 1 = 17 = Vi = E(l - (1 + M,-)" 1 ). 
Thus using the notation from Example 9, 

1 

1 + M(z) = 



7?^ 



i - ft ''*; - 



7?^ 



1 - 



lf z ) 



A. 2. General results in Boolean theory. In this section, we collect a number of results which, 
while true for the Boolean Meixner class, hold in general. Typically their free or classical analogs, 
if any, hold only for the corresponding Meixner class. 

Corollary 13. Let tp m be the Boolean convolution power of a state if with a MOPS. The coefficients 
in the recursion relation for the MOPS ofip m are the same as for ip, except that each and 
get multiplied by t. 

Proof. From Theorem 12, 

V« = *7fc(z) = f(l - (1 + M^(z))- 1 ) 



2_^ Zl i2 i ^ 



Y, n z n E n tC^\Y^ ki E kl z kl 



10 



i-E tl ^; 



a) 



Ei z 3 2 E J2 CW\E k E k2 z k: 



□ 



1 - V z T 



(2) 



Ej3 Z 33 E 33 C{3) \ J2k 3 E ks z k 3 



12 
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The following relation between Boolean cumulants and Jacobi parameters was already noted by 
Lehner in the single variable case (relation 4.9 in [Leh03]), if in rather different language. 

Corollary 14. Let ip = <Pc,{%} be a state with a MOPS. Using the terminology from Remark 11, let 

Zi = Xi- a h rC {l) =at + % + a\~, 

where 

„ b _ _ Jo onH® k ,k<\, 
°* [arC, onH® k ,k>2. 

Then the Boolean cumulant functional rjofLp is rj [xi] = Tq 1 \ 

Tj \%iXuXj\ = Ci (ej, Z^cf) = VL, Z^ci^Vl^ . 

Recall that for the free Meixner states, their free cumulant functional has a similar expression in 
terms of the operators 

Si = X t - a~ = af + T { + a~(C - I) 

but there is no such expansion for general states. Note also that the Boolean-to-free version of the 
Bercovici-Pata on the free Meixner states, discussed in Remark 8, follows from these observations. 

Proposition 15. Let H be a complex Hilbert space with a distinguished unit vector Q, so that 
H = CQ © Ho. Let {X 1 , X 2 , . . . , X d } be symmetric operators on H with a common domain V 
such that ft G V and for all i, Xi(V) C V. Let tp be the joint distribution of{X±, X 2 , . . . , Xd} with 
respect to fl, that is 

up [P(x 1 ,x 2 , x d )} = (n, p(x ± , x 2 , . . . , x d )n) . 

Then there exist numbers Aj G K, vectors & G Ho, and symmetric operators Ti on Ho with domain 
V = Ho H V, Ti(T>o) C T>o, such that each 

(22) Xi = a+ + al + T t + XJ 

and the Boolean cumulant functional of ud is 

7] [x^ = 7] [xiXuXj] = T a £j) . 

Here 

a+c = (n,C>6, 

for ( G H are rank one operators, which are clearly adjoints of each other. 

Proof. Let Aj = (fi, Xifl), = (Xi — XiI)Q, and Tj = Xi — — aj. — XJ. Since Xi is symmetric, 
Xi G K and Q) — so & G Ho- Clearly & G V, and since X i: a^.,aj. take V to itself, so does 
Ti. Moreover for (eH nV, 

(n, t,c) = (n, x t ( - (d, on- a,c) = (ft, x t () - (x t n, c) + a, (n, c) - a, (n, c) = o, 

so Ti(() G Ho- Since + aj. is symmetric, so is Tj. It then easily follows that the Boolean 
cumulants of <p are rj [x^ = Xi and 

rj [xiXaXj] = (p, aJ.T^p) = T a ^) . □ 
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Note that there are bosonic and free versions of the operator decomposition (22) (see [Sch91] and 
[GSS92]) but they only hold for operators with (freely) infinitely divisible joint distributions. The 
preceding proposition reflects the fact that all states are infinitely divisible in the Boolean sense 
[BN06, Proposition 4.8]. 
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